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ABSTRACT 
This paper aims to advance research on the use in concrete of a high volume of fly ash, 
with a high loss on ignition value, aiding in sustainable low carbon footprint construction. 
To this end, the work explores the benefits that may be achieved in terms of long-term 
concrete performance from the incorporation of fly ash along with a chemical activator. 
Durability tests are performed on concrete with an activated hybrid cementitious system: 
Portland cement (PC) and high volume fly ash with sodium sulfate. The chloride diffusion 
coefficient significantly decreased over time for the activated system (50% PC - 50% fly 
ash with added sodium sulfate) compared to the control samples (100% PC and 80% PC - 
20% fly ash) at the same water to cementitious material ratio. This behavior is particularly 
evident in samples cured under controlled laboratory conditions (100% RH and 23°C). 
However, outdoor curing increases the permeability for all concretes. Long term 
carbonation is also investigated under natural exposure conditions, and samples that are 
cured outdoors exhibit a significant carbonation depth. The compressive strength is 
correlated with the durability parameters: the durability performance improves as the 
compressive strength increases, indicating that as is the case for Portland cement (but not 
always for alkali-activated binders), the microstructural factors which yield high strength 
are also contributing to durability properties.  
Keywords: concrete durability; alkali-activated hybrid cement; high volume fly ash; sodium 
sulfate; loss on ignition 
1. INTRODUCTION 
Studies using high volume fly ash with both Portland cement and alkaline activators 
are not yet numerous, although investigations have focused on the strength evolution of 
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mortar and concrete [1-3]. The main present challenges are related to curing temperature, 
setting time delay, low early strength evolution and durability [4]. As mentioned in a recent 
RILEM report [5], mixes including alkali activators need more research in terms of 
shrinkage, carbonation, long term performance and alkali aggregate reactions. 
Considering the importance of studying the durability of Na2SO4-activated high 
volume fly ash concretes, it is important to first understand the concept of concrete 
deterioration, which depends on the permeability of the material. Gases, ions and liquids 
penetrate the material, reacting with concrete constituents and affecting the material 
properties. Matrix deterioration can occur due to physical and chemical processes [6-8]. In 
most cases, water or chemical species dissolved in water are the causes of concrete 
durability problems [9]. Pores present in the matrix (aggregates, cement paste–aggregate 
interfaces and cement paste) affect the mechanical properties of concrete, such as the 
strength and modulus of elasticity [8]. Different liquids, gases and ions can penetrate 
concrete and move inside the matrix due to absorption, permeability and diffusion [7]. 
These processes depend on physicochemical gradients, such as pressure, concentration, 
temperature, and humidity, as well as any applied voltage. 
Absorption occurs due to capillary forces in a non-saturated concrete [10]; water at 
the surface enters the structure and fills available pores depending on the concrete 
moisture content. Permeability is related to how easily a fluid passes through a matrix due 
to a pressure gradient. Considering the effects of different parameters that affect the water 
permeability of concrete, this parameter can often be correlated to compressive strength. 
In general, when strength increases, the water permeability decreases [11, 12], as both 
are related to the microstructural development of the material. Diffusion which occurs due 
to a chemical potential or a concentration gradient [9]; ions will move from areas of high to 
low concentration [13], controlled by the capillary pore size, concentration gradient and 
cementitious material composition.  
Water absorption of concrete generally decreases with an increase in fly ash 
dosage; it is correlated to permeable voids, which are reduced at later age when fly ash is 
included in higher proportions [14]. A linear correlation has been observed between the 
volume of penetrable pores when using absorption and sorptivity tests [15]. Chloride 
permeability as determined using the rapid chloride permeability test is reduced for high 
volume fly ash (HVFA) concretes at an age of 56 days [16]; for a HVFA concrete designed 
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according to the mix design requirements proposed by Malhotra, the chloride permeability 
values usually lie in the “very low” band according to ASTM C 1202 [14]. 
However, chloride ingress processes involving high-volume pozzolanic materials 
are observed to be variable, and require further investigation [17]. Parameters such as the 
type of the supplementary cementitious material, water to cementitious material ratio, 
cement type, curing and exposure condition affect chloride penetration. For example, for 
concretes with 55% to 70% fly ash, an inadequate curing regime and low fly ash fineness 
can increase chloride penetration [18]. High volume fly ash concretes may perform poorly 
in chloride ingress tests compared to PC concretes after 28 days, whereas the 
performance improves after 90 days or a year [19].  
Carbonation of fly ash-containing concretes is also to some degree contentious due 
to the competition between their low portlandite content and low permeability, which has 
led to mixed results for different specimens described in the literature. HVFA concretes 
often have low permeabilities due to their low water to cementitious materials ratio (W/CM) 
if a suitable curing process enables the fly ash to react extensively; this may reduce 
carbonation depth. When low W/CM samples are water cured, they become more resistant 
to carbonation due to their low porosity [20-22]. Capillary pores are dry when the relative 
humidity is low and saturated when the relative humidity is high, reducing the carbonation 
process in both instances, meaning that carbonation is fastest at intermediate relative 
humidities [23]. However, because HVFA concretes contain less portlandite due to its 
consumption in pozzolanic reactions, once the CO2 does enter the concrete, its 
contribution to slowing carbonate mass transport, by binding the carbonate as calcite is 
reduced [24], which means that the relationship between porosity and carbonation rate 
changes as a function of binder chemistry. When 100% Portland cement and HVFA 
concretes exhibit similar porosities following different curing procedures, the latter display 
a higher carbonation depth at 28 days and at 1 year [19]. 
Considering the current state of art, the main objective of this study was to 
investigate the durability performance of an activated hybrid cementitious concrete, with 
inclusion of a high volume of type F fly ash (with high loss on ignition (LOI)), and 
chemically activated by sodium sulfate. Mixes with 50% FA and 1% sodium sulfate were 
used for this study. Different durability tests were performed on samples cured in the lab 
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and under outdoor conditions: water permeability, chloride penetration, chloride diffusion 
coefficient and carbonation. 
2. MATERIALS AND METHODS 
 
2.1. Materials 
The materials and dosages were selected based on a study where characterization 
of pastes and mortars was performed using the same materials [25]. TP fly ash is a high 
LOI supplementary cementitious material, with chemical composition as presented in 
Table 1. The sum of SiO2, Al2O3 and Fe2O3 reaches the minimum mentioned in ASTM C 
618 [26]; the LOI value is higher than the basic limit of 6% but lower than the 12% which is 
given as the absolute maximum limit in ASTM C 618. The chemical composition was 
determined using a PANalytical Axios sequential wavelength dispersive X-ray 
fluorescence (XRF). The mineralogical compositions of the fly ash and Portland cement 
(Type III according to ASTM C150 [27]) are given in Table 2 and 3 respectively. The 
amorphous content of TP fly ash is higher than 60%. The mineralogy was evaluated by X-
ray diffraction (XRD) using a PANalytical X‘PERT-PRO MPD in Bragg-Brentano 
configuration with an X’celerator detector. The Rietveld method was used to quantify the 
crystalline phases via the X’Pert HighScore Plus software package. The sodium sulfate 
purity is 95%, and this activator was also selected based on the study of Velandia et al. 
[25].   
  
2.2. Concrete evaluation 
Concrete designs were developed to obtain a slump of 225 mm. Three different 
W/CM were considered for a specified compressive strength of 28 MPa, 35 MPa and 41 
MPa at 28 days for 20% FA mixes. The input parameters are shown in Table 4. All of 
these proportions were determined for 1 m3 and adjusted to the laboratory mixer capacity. 
Each mix is described based on the Mix ID due to the number of parameters studied in the 
concrete. All of these parameters are listed in Table 5, including the water to cementitious 
material ratio and curing type. 
The curing treatments included laboratory and outdoor ambient curing (Figure 1). 
Table 6 presents each concrete test and its standard, and the age of evaluation. The test 
used to evaluate water permeability was a Colombian standard [29], which measures 
water penetration depth in a cylindrical specimen, with a diameter and length of 10 cm. In 
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this test, the sample is exposed under an applied water pressure of 0.5 MPa for 4 days. 
After 4 days, the sample is broken using the ASTM C 496 cylinder splitting test [33]. 
Carbonation was evaluated under natural environmental conditions in Bogotá, Colombia, 
Figure 2. The average CO2 concentration in the environment was 350 ppm, with a relative 
humidity of 63%, and the temperature remained between 15-20°C. Cylinders exposed to 
ambient carbonation were 5 cm thick and 10 cm in diameter. At the end of the exposure 
period, the cylinder splitting test was performed to divide the cylinder in two sections. One 
of the sections was sprayed with phenolphthalein to enable carbonation to be visualized. 
The Minitab Multi-Vari Chart tool was used to perform part of the analysis. This 
Minitab tool considers a maximum of 4 variables. It analyses the variance based on the 
mean of each variable. Each point of each factor is the mean for each level of analysis. 
 
3. RESULTS AND DISCUSSION 
3.1. Compressive strength 
Samples with W/CM of 0.557 (Figure 3a) exhibited similar behaviors when cured 
under different conditions, but this was not the case for samples with W/CM of 0.483 and 
0.426 as seen in Figure 3b and 3c. Samples with 50% fly ash were notably affected by the 
curing process. Mixes with an activator that were cured in the curing room typically 
exhibited increased compressive strengths compared to mixes cured outside. These 
results are consistent with the findings of Poon et al. [2], where the influence of the curing 
process on compressive strength evolution was studied using mixes with 55% fly ash and 
calcium sulfate as an activator; specimens were cured at 65°C for 6 hours before 
continuing a 27°C curing. This curing process exhibited a positive effect (70% increase in 
the compressive strength) compared to a control mix cured under standard conditions [2]. 
However, in another study, pastes with sodium sulfate (1% by mass of cementitious 
material) and 50% PC - 50% FA performed better when cured for 7 days at 20°C than 
when cured for the first day at 60°C and the remaining 6 days at 20°C [3]. Velandia et al. 
[25] also found that curing mixes with sodium sulfate at 23°C increased compressive 
strength due to portlandite consumption and ettringite formation. 
As seen in Figure 3a, 3b and 3c, mixes with 1% sodium sulfate always displayed 
higher compressive strengths compared to mixes with 50% fly ash without an activator, 
consistent with results for mortars using the same cementitious materials and activator 
proportions [25]. This was also evident in the work of Qian et al., who also used Na2SO4 
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as an activator in high volume fly ash mixes [1]. This activator initiates chemical reactions 
that increase the alkalinity, accelerates fly ash dissolution, and increases the matrix 
density by increasing ettringite formation. 
The parameters considered in the Multi-Vari Chart include the fly ash percentage, 
W/CM, curing and age. Each point represents the mean of the specific level of analysis. As 
shown in Figure 3d, the compressive strength is significantly affected by the W/CM ratio 
and fly ash percentage. In general, when samples are cured in the lab, as the W/CM ratio 
is reduced the compressive strength increases, whereas as the fly ash content increases 
this parameter decreases. When samples are cured outside, the effect of W/CM is 
negligible compared to samples cured in the laboratory. The curing effect becomes more 
relevant with age; as the age is increased the gap between curing in the lab and outdoors 
increases. The inclusion of the activator increases the compressive strength at early age. 
The change in the slope when sodium sulfate is included allows identification of the 
positive influence of this component in the matrix. Concretes with 50% FA come closer to 
reaching the performance of the control samples from 90 to 360 days.   
 
3.2. Water permeability 
The curing process also influenced the water permeability, especially in mixes with 
high fly ash volumes as seen in Figure 4. Samples cured outdoors exhibited higher water 
permeabilities. The environment in the curing room guaranteed the availability of sufficient 
water to form the hydration products, while outdoor conditions, at lower relative humidity 
and temperature, did not. In most cases, specimens with activators exhibited lower water 
permeabilities than control samples after 180 days. The accelerated consumption of 
portlandite by activation of the fly ash from the beginning of hydration may help to reduce 
pores; according to Velandia et al. significant portlandite consumption starts to be evident 
at 3 days [25]. The effect of the W/CM ratio on water permeability was also significant for 
fly ash mixes. 
As seen in Figure 4d, all of the input parameters significantly influence the water 
permeability depth. In addition, the combined effects of multiple parameters must be 
evaluated, as there are synergies and competitive effects between the influences of each 
individual parameter. For example, the final effects become relevant when the W/CM, fly 
ash percentage and curing type effects are combined. 
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3.3. Chloride penetration testing 
According to the results presented in Figure 5, mixes with an activator and 0.557 
W/CM performed better than control mixes (20%FA and 50%FA) after 180 days. These 
performance improvements occurred earlier for lower W/CM ratios. In comparison to mixes 
cured outdoors, samples with activators exhibited similar or lower charges passed in most 
cases.  
 
Although the chloride penetration measurements can be decreased by increasing 
the fly ash percentage in HVFA concrete [16], this decrease only occurs at later age and 
strongly depends on the W/CM level. In most cases, 50% fly ash mixes without an 
activator did not perform better than control samples. Some authors have suggested that 
the rapid chloride penetration test (which is actually measuring charge passed during the 
test and not movement of chloride) is not reliable for mixes with activators due to the high 
pore solution alkalinity and ionic strength [34, 35]. Charge passed depends on dissolved 
ions in the pore solution moving in the electric field, which changes with cement chemistry. 
In this case, a negative effect cannot be seen for mixes with an activator, which is likely 
due to low activator concentrations and low sulfate ion mobility, as based on the trends 
presented in Figure 5a, 5b and 5c. 
On the other hand, the effect of the curing process is not clear. This is likely due to 
the poor precision of the test, where the standard itself [30] considers a maximum 
repeatability of 42%. Although this test is widely used in the concrete industry for quality 
control, additional tests must be considered to satisfactorily evaluate the concrete 
performance and the influence of different materials in the concrete matrix.  
No significant effect of curing is evident in the multi-chart plot presented in Figure 
5d. The effect of W/CM ratio is only apparent at early age; as curing time increases, the 
charge passed values are similar for all of the W/CM values tested. Although this behavior 
is similar for different fly ash percentages, the charge passed decreases with the inclusion 
of sodium sulfate when compared to the control sample with 50% FA. 
 
3.4. Chloride migration coefficient 
Based on the results presented in Figure 6, curing significantly affects the chloride 
migration test results of fly ash-rich concrete mixes. Generally, the 100% cement mix 
performed better than fly ash mixes when cured outside, but no activator effect is evident 
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for these samples. Reinhardt and Jooss [36] suggested that temperature variations during 
the curing process affect the concrete properties, where temperature variation from 20°C 
to 80°C for mixes with 40% FA reduced the diffusion resistance by approximately 10-20%. 
As seen in Figure 2, the temperature of the environment is an average but it could vary in 
a range of 10°C per day. 
An increase in the chloride diffusion coefficient for fly ash mixes was likely due to 
the absorption increase during the first days of the analysis. Ismail et al. noted that 
chloride sorption increases when fly ash is included in alkali activated binders [37]. Bernal 
et al. also noted a relation between the diffusion coefficient and sorptivity [34].  
From 90 to 180 days, activated mixes exhibited a lower diffusion coefficient (< 
7x10-12 m2/s) compared to the control samples. According to Burden, the performance of 
high volume fly ash concrete (30%, 40% and 50%) improved after 90 days and a year, but 
the material was poorly performing prior to those times [19]. Although the improvement 
occurs more rapidly with an activator as seen in Figure 6a, 6b and 6c, mixes without an 
activator also displayed a significant improvement over time. The W/CM ratio influenced 
the diffusion coefficient, but only for mixes cured in the lab. 
The effect of each parameter on the diffusion coefficient is summarized in Figure 
6d. After 90 days, the effect of the sodium sulfate activator is positive for laboratory cured 
samples and negative for outdoor cured samples. A decreased W/CM ratio reduces the 
diffusion coefficients of most samples. In addition, the curing process has a significant 
impact during early times. After a year, the diffusion coefficients of the activated mixes are 
low, both for samples cured in the laboratory and outdoors. 
3.5. Carbonation 
This analysis only includes specimens cured outdoors, which were affected by 
humidity and moisture cycling and so are expected to be more subjected to carbonation 
processes. Humidity, dry and wet cycling, and CO2 concentration variations strongly affect 
the carbonation depth [38, 39]. Carbonation had a significant impact on high volume fly 
ash samples. According to Figure 7a, the W/CM ratio did not significantly affect the 
carbonation of the high volume fly ash mixes. 
Although the carbonation depth was always lower for mixes with activator at 90 
days compared to mixes with 50% FA without activator, no significant difference can be 
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distinguished between them. Carbonation depths for mixes with 20% fly ash did not 
significantly change over time as the 50% fly ash mixes did. The average relative humidity 
in this study was between 50% and 70%, which according to Wierig and Saeki et al. [21, 
22] is an optimum range for carbonation. Another factor affecting carbonation is the low 
portlandite content in mixes with 50% fly ash as shown in the study of Younsi, resulting in 
faster carbonation compared to 100% cement concretes [20]; the reduction in concrete 
permeability for 50% fly ash mixes did not give a corresponding carbonation reduction 
compared to mixes with 0% and 20% FA. It is possible that the controlling parameter was 
actually the PC content, rather than the total cementitious materials content, as proposed 
by Ho and Lewis [40]. 
The inclusion of sodium sulfate reduced carbonation levels compared to samples 
with 50% fly ash, probably because the differences in the porosity of the microstructure 
[25]. The effect of the W/CM ratio is not clear. The carbonation coefficient calculated with 
Tutti’s model [41] is constant at different ages for each fly ash replacement level, as 
shown in Figure 7b. 
 
3.6. Parameters influencing concrete durability 
According to Figure 8a, the water permeability decreases for 50% fly ash when an 
activator is used. For the same compressive strength, the water permeability decreases as 
the fly ash level increases. Although the compressive strength is higher for samples with 
0% FA and 20% FA at the same W/CM ratio, the micro-structure of fly ash samples with 
50% FA is less permeable due to the reduction of the Ca(OH)2 content, as this is replaced 
by C-(A)-S-H through the pozzolanic reaction [25]. For the case of lab curing, a 20 mm 
water permeability depth was achieved for a strength of approximately 50 MPa in a mix 
with 100% cement, or for a 30 MPa strength in a 50% FA mix with 1% sodium sulfate. 
Under this scenario, water permeability is more directly predictive than compressive 
strength in terms of the other durability parameters.  
Based on the results of this work, the parameters that influence the chloride 
penetration are defined and presented in Figure 8b. Thus, the proposed correlations 
depend on the compressive strength and fly ash replacement. The same chloride 
penetration value can be obtained for various compressive strengths depending on the fly 
ash replacement and sodium sulfate inclusion in the matrix. Mixes with high fly ash 
replacements and lower compressive strengths compared to control mixes (0% FA and 
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20% FA) are in the “Very Low” chloride penetration range, according to ASTM C 1202. 
This pattern was similar to the water permeability results. The inclusion of sodium sulfate 
positively affects the chloride penetration measurements, with low values measured for 
moderate compressive strengths.  
The variations in diffusion coefficient are associated with the compressive strength 
and fly ash content variations. If the cementitious material type is held constant (with or 
without sodium sulfate), the diffusion coefficient decreases as the compressive strength 
increases. When the fly ash content increases and sodium sulfate is included, the diffusion 
coefficient decreases at constant compressive strength. This behavior is illustrated in 
Figure 8c. For example, a chloride diffusion coefficient of 4 x10-12 m2/s in a 0% FA mix can 
be produced at a compressive strength of 80 MPa, while the same diffusion coefficient can 
be produced in a 50% FA and sodium sulfate mix at an approximately 40 MPa 
compressive strength. A similar pattern is seen in the charge passed results, where charge 
passed values of 500 coulombs are reached at 80 MPa without FA, or at 40 MPa in the 
activated 50% FA mix. 
Concretes with high volume fly ash and sodium sulfate, based on the results 
achieved in this study, can comply with specifications for concrete used in structures 
exposed to sea water. For instance, in the Colombian coastal zones different ports have 
been built in recent years and one of the key concrete specification requirements has been 
a diffusion coefficient lower than 10x10-12 m2/s. The results and correlations developed in 
this work become particularly relevant when considering the possibility of moving from 
prescriptive to performance based specifications [42]. In this case it is relevant to use 
these values to model service life, and to compare the predicted results with lab and on-
site trials. Therefore, these new activated systems, where the performance is 
advantageous, can be implemented in future structures under such specifications. 
  
4. CONCLUSIONS 
The water permeabilities and chloride diffusion coefficients of fly ash and sodium 
sulfate mixes were either comparable or superior to those of control concretes with the 
same W/CM when water cured. Outdoor curing adversely affected the performance of the 
fly ash concretes. Reducing the W/CM ratio also decreased the water permeability and 
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diffusion coefficient. The carbonation rates were not favorable for mixes with sodium 
sulfate.  
The water permeability, chloride penetration and diffusion coefficient show some 
correlation with the compressive strength and fly ash percentage for indoor and outdoor 
cured samples. In general, the concrete behavior improved based on these parameters 
when the compressive strength and fly ash percentage increased and an efficient curing 
process was applied. Among concretes with the same compressive strength, different fly 
ash percentages and the same curing, lower water permeability, chloride penetration and 
diffusion coefficient values were observed for samples with the highest fly ash contents. 
When sodium sulfate is included, concrete performance improved compared to 
corresponding concretes without an activator. 
The observed trends in durability-related parameters (water permeability, chloride 
penetration and diffusion coefficient) are not similar for concrete carbonation. An increased 
fly ash percentage increases the carbonation depth. While concrete with sodium sulfate 
exhibits a lower carbonation coefficient compared to control concrete with 50% FA, it 
exhibits high values compared to 0% FA and 20% FA concretes. 
The results of this study, where different mixes including Na2SO4-activated high 
volume fly ash concretes have been evaluated, could be used to explore performance-
based specifications. For new sustainable materials to be used in construction, 
performance specifications become an alternative to traditional prescriptive codes, 
enabling materials to be specified for sustainability and to increase service life of the 
structures. For instance, the results from these concretes with high volumes of moderate 
quality fly ash and low doses of sodium sulfate indicate that they could potentially be used 
for structures exposed to sea water.  
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Figure captions 
Fig. 1. Curing conditions: a) Curing room, b) Outdoor curing (Bogotá, Colombia) 
Fig. 2. Variation of ambient conditions: temperature, relative humidity, heat index, 
evaporation point, wind speed, CO2 concentration 
Fig. 3. Compressive strength evolution: a) W/CM=0.557, b) W/CM=0.483, c) W/CM=0.426, 
d) Multi-Vari Chart 
Fig. 4. Water permeability: a) W/CM=0.557, b) W/CM=0.483, c) W/CM=0.426, d) Multi-Vari 
Chart 
Fig. 5. Chloride penetration: a) W/CM=0.557, b) W/CM=0.483, c) W/CM=0.426, d) Multi-
Vari Chart 
Fig. 6. Chloride diffusion coefficient: a) W/CM=0.557, b) W/CM=0.483, c) W/CM=0.426, d) 
Multi-Vari Chart 
Fig. 7. Carbonation: a) Carbonation depth, b) Multi-Vari Chart 
Fig. 8. Parameters influencing durability a) Water permeability, b) Chloride penetration, c) 
Chloride diffusion coefficient 
 
Table captions 
Table 1. Chemical and physical properties of TP fly ash 
Table 2. Mineralogical composition of TP fly ash as determined by quantitative X-ray 
diffraction 
Table 3. Mineralogical composition of cement as determined by quantitative X-ray 
diffraction 
Table 4. Mix proportions 
Table 5. Mix ID encoding (order, description and code per variable)  
Table 6. Concrete tests 
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Fig.3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 8 
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Table 1 
 
Chemical and physical properties of the fly ash 
SiO2 
(%) 
Al2O3 
(%) 
Fe2O3 
(%) 
(SiO2)+(Al2O3)+ 
(Fe2O3) (%) 
SO3 
(%) 
Na2O 
(%) 
CaO 
(%) 
K2O 
(%) 
MgO 
(%) 
LOI 
(%) 
Density 
(g/cm3) 
Retained on # 325 
sieve (%)  
56.67 20.65 4.92 82.24 0.06 0.07 3.27 1.59 0.62 10.74 2.09 38.2 
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Table 2 
 
Mineralogical Composition of Fly ash (%) 
Quartz Mullite Hematite Calcite Amorphous material 
18 15.1 0.7 1.2 64.5 
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Table 3 
 
Mineralogical Composition of Cement (%) 
C3S C2S C4AF C3A (cubic) C3A (orthorhombic) Quartz 
52.1 30.5 10.2 3.3 0.8 0.3 
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Table 4 
 
 
w/cm = water/cementitious material 0.557 0.483 0.426 
f/agr = (cement+fly ash+fine 
aggregate)/(cement+fly ash+fine 
aggregate+coarse aggregate) 
0.539 0.54 0.541 
Fly ash [%] 0% 20% 50% 50% 0% 20% 50% 50% 0% 20% 50% 50% 
fa/agr= Fine aggregate/ fine 
aggregate+coarse aggregate 0.462 0.460 0.459 0.459 0.449 0.448 0.446 0.446 0.437 0.435 0.432 0.432 
Paste Volume [l] 277 286 301 301 292 303 320 320 307 320 339 339 
Cement [kg] 316 253 158 158 363 290 182 182 410 328 205 205 
Fly ash [kg] 
  63 158 158   73 182 182   82 205 205 
Fine Aggregate 1 (#4 - 4.75 mm) [kg] 696 683 667 667 663 650 631 631 631 616 594 594 
Fine Aggregate 2 (#50 - 0.3 mm) [kg] 174 171 167 167 166 163 158 158 158 154 149 149 
Coarse Aggregate (1/2" - 12.5 mm) [kg] 1013 1003 983 983 1017 1002 981 981 1016 1001 977 977 
Water [kg] 175 175 175 175 175 175 175 175 175 175 175 175 
Admixture 1 (Lignosulfonate) 0.45% 0.45% 0.45% 0.45% 0.45% 0.45% 0.45% 0.45% 0.45% 0.45% 0.45% 0.45% 
Admixture 2 (Polycarboxylate) 0.60% 0.60% 0.85% 0.85% 0.60% 0.60% 0.85% 0.85% 0.60% 0.60% 0.85% 0.85% 
Activator (Sodium sulfate) 
      1%       1%       1% 
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Table 5 
 
Mix ID (1/2/3/4/5) 
Letters and numbers order Description 
1 W/CM 
2 Cementitious material 
3 Cementitious material percentage 
4 Curing type 
5 Activator 
1 - W/CM 
0.557 
0.483 
0.426 
2 - Cementitious Material 
CE Cement 
TP TP fly ash 
3 - Cementitious Material Percentage 
0 0% 
20 20% 
50 50% 
100 100% 
4 - Curing type 
L Lab curing 
O Outdoor curing 
5 - Activator 
A Sodium sulfate 
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 Table 6 
 
CONCRETE EVALUATION STANDARD TEST METHOD AGE (Days) 
Compressive strength Standard Test Method for Compressive Strength of Cylindrical 
Concrete Specimens 
ASTM C 39 [28] 1, 3, 7, 28, 56, 90, 360 
Water permeability Metodo de ensayo para determinar la permeabilidad del concreto 
al agua / Standard test method for water permeability of concrete NTC 4483 [29] 
90, 180, 270, 
360 
Chloride penetration Standard Test Method for Electrical Indication of Concrete's Ability to Resist Chloride Ion Penetration ASTM C 1202 [30] 
28, 90, 180, 
270, 360 
Chloride diffusion 
coefficient 
Chloride Migration Coefficient from Non-Steady-State Migration 
Experiments NT BUILD 492 [31] 
90, 180, 270, 
360 
Carbonation 
Products and Systems for the Protection and Repair of Concrete 
Structures. Test Methods. Determination of Carbonation Depth in 
Hardened Concrete by the Phenolphthalein Method 
BS EN 14630 [32] 28, 90, 270, 360 
 
 
        
